Background. After adjustment for cardiovascular risk factors and despite higher mortality, those with human immunodeficiency virus (HIV+) have a greater risk of acute myocardial infarction (AMI) than uninfected individuals.
Once those with human immunodeficiency virus infection (HIV+) achieve viral suppression on combination antiretroviral therapy (cART), their life expectancy is dramatically extended [1] , and morbidity and mortality due to non-AIDS-related events including cardiovascular disease become the predominant concern [2]. Accounting for established risk factors, HIV+ individuals have 50%-75% greater risk of acute myocardial infarction (AMI) than demographically similar uninfected individuals [3, 4] . Suggested underlying causes include a greater burden of chronic inflammation, immune suppression and dysfunction, anemia, renal disease, liver disease, and hepatitis C coinfection among those with HIV compared with uninfected individuals [4] [5] [6] .
While many of these factors have been studied in a crosssectional or time-updated manner, few have considered the association of cumulative HIV viral load (HIV-1 RNA), CD4 count, or organ injury measures with incident AMI among HIV+ individuals. Viremia copy-years, a measure of the amount of HIV-1 RNA exposure over time, has been used to predict mortality but not incident AMI [7] . Although chronic immunosuppression has also been postulated as a risk factor for the development of non-AIDS events [4] , it has not been extensively studied in a cumulative fashion [8] . Notably, the Veterans Aging Cohort Study (VACS) Index incorporates HIV-specific measures (HIV-1 RNA and CD4 count), hepatitis C infection, and measures of organ system injury (anemia, renal disease, and liver disease). The Index has been shown to predict AIDS and non-AIDS morbidity and mortality in multiple settings [9] [10] [11] [12] [13] [14] [15] [16] but has not been evaluated as a cumulative measure. Further, when studying associations between biomarkers and clinical events, mortality can act as a competing risk in which those with advanced disease die before they experience the clinical event of interest. To compare our findings with previous work and to determine whether competing risk of death might explain a lack of association for some measures, we felt it important to consider AMI and mortality in parallel analyses. Here, we compare the associations of baseline, time-updated, and cumulative measures of HIV-1 RNA, CD4 counts, and VACS Index scores with incident AMI and mortality in a cohort of HIIV+ individuals.
METHODS
The VACS study has been well described [17, 18] . This analysis included all HIV+ individuals who initiated cART with at least 3 unique antiretrovirals in VACS between 1 July 1996 and 30 September 2012. The analysis excluded patients with previous mono or dual ART history, defined as having used at least 1 antiretroviral drug; those with HIV-1 RNA <500 copies/mL at the time of cART initiation; those without baseline and with fewer than 2 HIV-1 RNA, CD4, or VACS Index values during the study period; and patients with known coronary heart disease prior to cART initiation using International Classification of Diseases-9 (ICD-9) codes 410.xx-414.xx from Medicaid, Medicare, and Veterans Affairs (VA) data.
We began follow-up 180 days after cART initiation to allow sufficient time for virologic suppression and for ICD-9 codes to be updated after qualifying events [7] . Patients were followed through incident AMI, last known follow-up, or censor date (30 September 2012 ). An inpatient ICD-9 code of 410.xx was used to determine the presence of an AMI ( Supplementary  Table 1 ). When ICD-9-based outcomes were compared with a smaller validated VACS dataset of AMI outcomes, the ICD-9 classification had a sensitivity of 86%, specificity of 100%, positive predictive value of 82%, and negative predictive value of 100% (Supplementary Table 2 ). We built baseline, time-updated, and cumulative time-updated measures for HIV-1 RNA (in copies/mL), CD4 values (in cells/mm 3 ), and VACS Index scores (totaling 9 measures). The VACS Index score is calculated using age, gender, race, HIV-1 RNA, CD4 count, aspartate and alanine transaminases, hemoglobin, platelet count, creatinine, and known hepatitis C infection ( Supplementary Table 3 ). Baseline laboratory values were the closest to cART initiation date within a range of 180 days prior to and 7 days after cART initiation date. The time-updated measures were calculated daily using the date that new laboratory data were available. The cumulative measures of viremia copy-years (in copy-years/ mL), CD4-years (in cells-years/ mm 3 ), and VACS Index scoreyears were created using the trapezoidal method [7] . To be consistent with current viremia copy-years literature, all extreme HIV-1 RNA values (>1 000 000 copies/mL) were set at 1 000 000 copies/mL [19] . Additionally, since there had been varying levels of HIV-1 RNA assay sensitivity over time, all undetectable viral load values were set to 200 copies/mL (half of the highest limit of detection during the study period). Our proposed cumulative measures (viremia copy-years, CD4years, and VACS Index score-years) have not been previously assessed for AMI incidence prediction. Of them, viremia copy-years has been previously used to predict mortality, and we validated our method by assessing its predictive value in mortality incidence.
We created age-adjusted and fully adjusted Cox proportional hazards models for risk of AMI and mortality using baseline, time-updated, and cumulative time-updated versions for each exposure of interest (HIV-1 RNA, CD4, and the VACS Index score). The cut-points used to categorize each measure were derived by distributing the number of incident AMIs equally over the categories and then rounding to the nearest clinically relevant threshold. The fully adjusted models controlled for age, diabetes, total cholesterol, low-density lipoprotein, high-density lipoprotein, smoking, and hypertension at baseline as well as time-updated calendar year. Models for the investigation of HIV-1 RNA as the predictor were adjusted for baseline CD4 count. Conversely, models for the investigation of CD4 as the predictor were adjusted for HIV-1 RNA. We examined interactions between each exposure of interest and calendar year in the fully adjusted models.
The Akaike information criterion (AIC) has been used as a means of model selection, and lower AICs represent better model fit [20] . In this analysis, we used the AIC in conjunction with the magnitude and precision of the main effect estimates to determine which exposure best predicted incident AMI.
VACS has been approved by the institutional review boards of the VA Connecticut Healthcare System and Yale University School of Medicine, granted a waiver of informed consent, and deemed Health Insurance Portability and Accountability Act compliant. Analyses were performed using SAS 9.4 (SAS Institute Inc., Cary, North Carolina).
RESULTS
During the time period of interest, 47 805 HIV+ patients were in VACS and 35 300 (74%) initiated cART. Of the 35 300 initiators, 13 924 (39%) were exposed to mono or dual therapy prior to receiving more effective 3 or more antiretroviral cART, 7.379 (21%) had a baseline HIV-1 RNA <500 copies/mL, 6303 (18%) did not have the required laboratory results, 3523 (10%) had coronary heart disease prior to baseline, and 1736 (5%) had less than 6 months of follow-up time after cART. After applying exclusions, 8168 (23%) patients remained eligible for the study.
We analyzed data on 8168 individuals (53 861 person-years) from VACS who initiated cART for the first time during the time period and experienced 196 AMIs and 1710 deaths ( Table 1 ). The median age was 46 years (interquartile range = 40-53 years), most were male (96.9%) and African-American (54.8%).
Those who experienced AMIs were older, more likely to be white, and more likely to have hypertension and metabolic disease (all P < .002). They did not differ substantially at baseline by CD4 count (P = .08) or HIV-1 RNA (P = .74). Similarly, hemoglobin and fibrosis-4 were not significantly different (P = .27 and P = .06, respectively), but those who experienced AMI were less likely to have an elevated estimated glomerular filtration rate (P < .0001) and more likely to have hepatitis C coinfection (P = .04). Further, their VACS Index scores were more likely to be high (55+; 43% vs 31%; P = .0005).
Six of 9 metrics were significantly associated with risk of AMI. In the fully adjusted HIV-1 RNA models ( Table 2 and Figure 1 ), individuals with baseline HIV-1 RNA ≥100 000 copies/mL had 41% higher risk of AMI in age-adjusted and fully adjusted models (hazard ratio [HR], 1.41; 95% confidence interval [CI], 1.05-1.91) compared with those with HIV-1 RNA <100 000 copied/ mL. At any time during the study period (time-updated HIV-1 RNA), patients with HIV-1 RNA = 201-999 copies/mL had a 71% increased risk of AMI than those who had a HIV-1 RNA ≤200 copies/mL (HR, 1.71; 95% CI, 1.06-2.74). However, time-updated HIV-1 RNA was not predictive of AMI at higher levels of viremia: HIV-1 RNA = 1000-9999 copies/mL (HR, 1.11; 95% CI, .64-1.93) or HIV-1 RNA ≥10 000 copies/mL (HR, 1.30; 95% CI, .85-1.99). The cumulative measure, viremia copy-years, demonstrated a significant association with AMI at all levels: viremia copy-years = 1000-14 999 (HR, 1.61; 95% CI, 1.06-2.44), 15 000-99 999 (HR, 1.67; 95% CI, 1.07-2.61), and ≥100 000 (HR, 2.02; 95% CI, 1.30-3.14) all compared with <1000 copy-years/mL.
In the fully adjusted CD4 models, there was no evidence of increased risk of AMI among HIV+ individuals with a baseline CD4 <200 cells/mm 3 (HR, 1.11; 95% CI, .82-1.49) compared with those with a baseline CD4 ≥200 cells/mm 3 . The time-updated CD4 model demonstrated an association with AMI incidence only at the lowest CD4 levels: CD4 <200 cells/mm 3 (HR, 1.58; 95% CI, 1.06-2.35) compared with CD4 ≥500 cells/mm 3 . The cumulative immunosuppression measure (CD4-years) was not significantly associated with AMI risk in any of the studied categories (P > .05).
In the fully adjusted VACS Index models, baseline VACS Index scores ≥50 were not associated with AMI incidence when compared with those with scores <50 (HR, 1.23; 95% CI, .91-1.66), but time-updated VACS Index scores ≥55 were associated with incident AMI (HR, 3.31; 95% CI, 2.11-5.20) when compared with those with VACS Index scores <20. Values of cumulative VACS Index score-years significantly predicted AMI incidence at all levels: VACS Index score-years = 85-149 (HR, 1.99; 95% CI, 1.26-3.14), VACS Index score-years 150-264 (HR, 1.85; 95% CI, 1.11-3.09), and VACS Index score-years ≥265 (HR, 2.71; 95% CI, 1.51-4.87) when compared with VACS Index score-years <85. Finally, there was no evidence that time modified the relationship between any exposure of interest and incident AMI (all P > .05).
All 9 metrics were associated with mortality in the age-adjusted and fully adjusted models (Table 2 and Figure 2 ). The strongest associations were seen for time-updated HIV-1 (Table 3) of fully adjusted models, among HIV-1 RNA models, viremia copy-years provided more information regarding the risk of AMI, and time-updated viremia provided more information regarding mortality among the HIV-1 RNA models. Time-updated CD4 provided the most information among the CD4 models for both AMI and mortality. Among VACS Index models, the time-updated VACS Index provided more information regarding risk of AMI and mortality. Based on AICs, the fully adjusted time-updated VACS Index model was preferred over any HIV-1 RNA or CD4 count models for both AMI and mortality.
DISCUSSION
Ongoing HIV viral replication and inflammation, immunosuppression, anemia, renal disease, and liver disease have been postulated in the pathogenesis of coronary heart disease in HIV+ individuals [4] . After adjusting for traditional AMI risk factors, we present a comparison of the ability to predict AMI and mortality using baseline, time-updated, and cumulative measures of 3 HIV care parameters (HIV-1 RNA, CD4 count, and the VACS Index). The VACS Index provided substantially more information than either HIV-1 RNA or CD4 counts alone. Specifically, the time-updated VACS Index best predicted both AMI incidence and all-cause mortality; a score of 55+ was associated Most previous studies have focused on time-updated and cumulative measures of HIV-1 RNA and CD4 count. Some studies demonstrated an association of uncontrolled viremia with mortality [2] and AMIs [21] . Cumulative HIV viremia is more predictive of mortality over single cross-sectional measures of HIV viremia [7, 22] . Our findings show that baseline HIV-1 RNA and cumulative viremia copy-years were associated with AMI while time-updated viremia was not. SMART [23] also found "no clear evidence that . . . time-updated viral load is . . . associated with CVD [cardiovascular] risk." Similarly, there is no clear consensus regarding the association of immunosuppression with AMI. Studies have shown conflicting results for CD4 measures at baseline, nadir, last value, duration of immunosuppression, and time-updated values [2, 23] . A recent study [24] showed a protective effect of higher CD4 values; individuals with recent or nadir CD4 ≥500 cells/mm 3 had risk of AMI comparable to that of an HIV-uninfected population. Another study that assessed immunosuppression and cardiovascular outcomes found a small association of immunosuppression with strokes but not with AMI [25] . Our findings did not support an advantage of measuring cumulative CD4 counts, but there did appear to be a trend toward protection for individuals with time-updated CD4 counts ≥500 cells/mm 3 .
We found stronger associations between more extreme values of time-updated HIV-1 RNA and CD4 count and mortality than with AMI. It is tempting to attribute the weaker association Figure 2 . Crude and adjusted hazard ratios (HRs) and 95% confidence intervals (CIs) for the risk of all-cause mortality. HRs and 95% CIs are presented on a log 2 scale, gray diamonds denote age-adjusted measures, black squares denote fully adjusted measures. Adjusting factors: all models age, diabetes, cholesterol, low-and high-density lipoprotein, smoking, hypertension; human immunodeficiency virus (HIV) viral load models additionally adjusted for CD4; CD4 models additionally adjusted for HIV viral load. Abbreviation: VACS, Veterans Aging Cohort Study.
with AMI to competing risk from mortality. If this were true, we would have expected the VACS Index to have an even weaker association with AMI since its association with mortality was stronger than that for HIV-1 RNA or CD4 count. Instead, we found that the time-updated VACS Index was a better predictor of both outcomes.
The VACS Index is a validated score capable of predicting allcause mortality [16] , cardiovascular mortality [26] , and an array of morbidity measures [10, 15] . It can be constructed with basic clinical information available in most settings. An online calculator is available (https://vacs-apps2.med.yale.edu/calculator/ IC; Accessed 30 August 2016). Both time-updated and cumulative measures of VACS Index were more strongly associated with incident AMI than CD4 or HIV-1 RNA measures alone. This may not be surprising since, in addition to HIV-RNA and CD4 counts, the VACS Index also accounts for anemia, chronic kidney diseases, liver disease, and hepatitis C coinfection, giving a more comprehensive overview of the nontraditional factors associated with cardiovascular disease. Of note, all components of the VACS Index are correlated with measures of chronic inflammation, including interleukin-6, soluble CD4, and D-dimer [27] , which may explain the strength of this association. The time-updated VACS Index may be complementary to traditional risk factors in AMI risk assessment.
Our finding that time-updated VACS Index provides superior prediction of risk of AMI and mortality compared with all cumulative measures considered is clinically convenient since past measures may not always be obtained. Additionally, cumulative measures are highly dependent upon the period of observation, making them less generalizable. Further, it suggests that a patient's current status is much more important than how they got there or the duration of time they spent in a particular state. Future studies are required to assess how the VACS Index might enhance AMI risk estimation beyond currently proposed indices such as DAD [28] and/or Framingham [29, 30] . Further, because mortality can act as a competing risk in which those with advanced disease die before they experience the clinical event of interest, our findings are more conclusive. Had one measure been superior for mortality and another for AMI, we might have been concerned about competing risk. Fortunately, time-updated VACS Index was the best predictor for both events, thus we can be confident that competing risk of death did not distort our comparison.
Our study has limitations. Findings may not generalize to women since only a small proportion of our sample was female. An in-depth analysis of cART regimen was beyond the scope of this study. Some reports have suggested that protease inhibitors as a class and abacavir as a specific agent may be associated with risk of AMI [31, 32] . We see no reason why the relative prognostic importance of the biomarkers and index we report should depend upon regimen. We used administrative data (ICD-9 coding), which may limit the accuracy of the outcome. To address this issue, we validated the use of ICD-9 coding with data from chart review with an acceptable positive predictive value. Additionally, the use of ICD-9 codes to identify AMI precludes our ability to further differentiate AMI into type 1 and type 2 classifications. Our study measured and compared 9 clinical metrics, but we were unable to compare them with established risk estimators such as the Framingham risk score calculator or the ASVCD risk estimator [29, 30] . We did, however, adjust at baseline for important components of the Framingham calculator, including diabetes, hypertension, cholesterol levels, and smoking. Given the observational nature of our study, we can only postulate associations, not causality. Despite these limitations, we were able to compare the predictive ability of novel cumulative measures for AMI incidence and mortality using one of the largest cohorts of aging HIV+ individuals in the United States.
In conclusion, we determined that the time-updated VACS Index was the best predictor of AMI incidence and all-cause mortality compared with 8 other HIV care metrics included in this study of US veterans. Future studies seeking to refine cardiovascular risk in HIV+ individuals should consider the timeupdated VACS Index as it has the potential to improve currently available cardiovascular risk assessment strategies. 
